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Hydrogen is a natural contaminant of the SiC growth processes and mayoccur in large
quantities in as grown epilayers. Its presence mlght affect doping efficiency by influencing
the site competition process or by passivating or compensating the dopants. Passivation by
complex formation with hydrogen has been proven both for Al and B [1], however, the
experimentally observed reactivation energies seem to differ by about -1 eV [2].

Furthermore, hydrogen incorporation proportional to that of boron wasobserved in B-doped
as grown CVDsamples [3,4] while the amountof hydrogen was found to be two orders of
magnitude less than the aluminumconcentration in case of Al-doping [5].

Extensive calculations regarding geometry and formation energy of p-type substitutional
dopants (B, Al) and their complexeswith hydrogen have been carried out. The local density
approxirnation of the density functional theory was used with plane wavebasis and norm-
conserving pseudopotentials. Our results indicate that hydrogen plays a key role in the
in-growth doping of epilayers with boron. In the absence of hydrogen, boron prefers the
carbon site. If hydrogen is present, as in typica] CVDconditions, boron is incorporated
together with hydrogen (in equal amounts) and the B+Hcomplex favors the silicon site.

Annealing aroLmd500 'C mayremove hydrogen leaving the Si site substitutional boron
behind. Since boron at different sites gives rise to different electrical activities, the effect of
hydrogen influences its actlvation as a shallow acceptor.

In contrast to boron, aluminumis always incorporated as isolated substitutional at the silicon
site, independent of the presence of hydrogen. The calculated amoLmtof incorporated
hydrogen in that case is in good agreementwith experimental findings for aluminumdoped
samples. Dissociation of the stable dopant plus hydrogen complexes for boron and aluminum
has also been investigated. Our calculations yields a dissociation energy difference of -0.9
eV between the stable B+Hand Al+H complexes, in good agreement with experiment.
Characteristic local vibration modesof the complexesare predicted.

[l] M. S. Janson, A. Hau~n,M. K. Linnarsson, N. Nordell, S. Karlsson, and B. G. Svensson. Mater. Sci. Forum
353-356, 427 (2001).

[2] M. S. Janson, M. K. Linnarsson, A. Hall6n, and B. G. Svensson, to be published
[3] D. J. Larkin, phys. stat, sol. (b) 20'_, 305 (1997).
[4] A. Henry, B. Magnusson,M. K. Linnarsson, A. Enison, M. Syvajrirvi, R. Yakimova, and E. Janz6n. Mater.

Sci. Forum353-356, 373 (2001).
[5] M. K. Linnarsson, M. s. Janson, andB. G. Svensson, to be published.
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Hydrogenmsemrconductors Is knownto be trapped by donors and acceptors as well as
"dangling bonds" in vacancies, dislocations and grain boundaries [1]. The presence of

hydrogen can drastically change the electronic properties and strongly influence device

performance. In SiC technology hydrogen is extensively used and there are many
opportunities to introduce hydrogen into SiC structures [2]. Redistribution mayoccur during

subsequent annealing steps. In p-type SiC hydrogen will form complexeswith boron and

aluminumacceptors [3,4]. Unfortunately, possible hydrogen trapping centers in n-type are

not well documented. Trapping centers are actually necessary to detect the migrating

hydrogen with secondary ion massspectrometry (SIMS) since free hydrogen diffuses at

concentration levels well below the detection limit.

In this work wehave studied the incorporation of deuterium (2H) and normal hydrogen (lH)

from the carrier gas during epitaxial growih. SIMShas been utilized to obtain the depth

distribution of hydrogen. There are two reasons for the use of 2Hin combination with IH.

First 2H relative to IH increase the SIMS-sensitivity by three orders of magnitude and
second, sequential use of IH and 2Hgives information about whenhydrogen is retained in

SiC. 4H-SiC epitaxial structures with alternating aluminum and nitrogen doped layers

separated by undopedmaterial have beengrownat 1600'C (se Fig, l). Amixture of 770102H
and 230/0 IH (in total 13 l/min) were used as carrier gas during the growih of the first four

doped layers while only IH (13 l/min) was employed for the growih of the remaining

structures and cool downprocedure. Thesametype of structure has also beengrown starting

with pure IH followed by a deuterium mixture as carrier gas. Both n and p-type substrates

havebeenused.

Fig.1 showsthat IH get trapped in a heavily Al doped layer. Deuterium is also detected in

this layer at a concentration close to natural abundance(0.015Qlo). In this case the secondpart

ofthe growth and the cooling downprocedure has beenperformed in a IH2 ambient. Besides

from the layer of the highest Al content the 2Hconcentration is below detection limit, Ixl014

cm~3. Whenthe sequenceof used canier gases is changedi.e. the deuterium mixture is used

in second part of the epitaxial growih no IH is recorded in the sample above the detection

limit (lxl017 cm~3). 2His found in layers with Al concentrations above5xl017 cm~3while 2H
is below the detection limit in the Ndoped layers. However, the 2Hconcentration in both n-

15
type and p-type substrates are lxlO cm~3.
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Fig.1. SIMSmeasurementof depth disuibution of IH and 2H in an Al andNdopedepitaxial grown4H-SiC
structure. Amixture of 2Hand IH has beenused in the first part of the growth andpure IH has beenemployed
in the secondpart andduring cool down.

Our results showa very high mobility for hydrogen in SiC at the growih temperature,
1600'C. Only the carrier gas (1H or 2H) used at the later part of the epitaxial growih will be
incorporated in SiC. Hydrogenmaybe incorporated in both p- and n-type SiC if suitable

traps are available. Comparingthe 2H incorporation in the epitaxial structures and n-
substrate eliminates Nas a probable trapping center for hydrogen. Thedifference between
the Al to 2Hratio in the epitaxial material and the p-type substrate indicates that Al maynot
be the main hydrogen trap in the substrate. Furthermore, if the hydrogen concentration is

constant through the whole substrate (thickness -0.4 mm)it will be a large hydrogen
source, which mayredistribute in subsequentannealing steps.
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[3]
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Theselective doping of SiC by ion-implantation is a key process for fabricating the planar devices.

Adonor (N, P, As) and an acceptor atoms (A1, B, Ga) are required for the tailored n- andp-type dop-
ing profiles. Recent reports on n-type SiC doping indicate that Pis a potential candidate for power
device applications which require low source/drain contact resistance. Capanoet al.[1] reported that

Pis the better choice for the high doses due to higher electron mobility, however, Nis preferred for

the moderatedoping levels. Khanet al.[2] reported about four times lower dielectric strength of ther-

mal oxide grownover a Pimplanted region than a non-implanted region and about two times lower
than the Nimplanted region under the identical conditions. However, the average ionization energies
(h- and k-lattice sites) of the Pdonor is relatively higher than that of the Ndonor in 4H-SiC. Aphysi-
cal explanation for the Pand Nanomalousbehavior is needed, although this is usually correlated

with the dopant lattice site difference and/or the high implantation-induced lattice damageby Pdue
to heavier atomic massthan Natom. In this work, wecarefully investigated the electrical activation

of P, N, P+N(identical profiles) andP/N (sequential profiles) implanted 4H-SiCand also considering
the first principle calculations for a possible physical mechanism.ThePand N implantations were
performed at elevated temperatures to minirnize implantation-induced lattice damage[3] and subse-
quently annealed at temperatures in the range of 1200-1700~Cfor 30 min. in Ar gas ambient. The
electrical activation investigations indicate an order of magnitude lower sheet resistance for Pim-
planted samplescompareto the Nimplanted one at higher annealing temperatures as shownin Fig. I .

Wealso observed that at lower annealing temperature around 1200iC, the sheet resistance for Por N
implanted 4H-SiC is relatively higher than that for the P+Nor P/N implanted samples (Sheet resis-

tance> Ik~/sq.). However, at higher activation annealing temperature, there wasno remarkable dif-

ference in the sheet resistance of the Psingle or co-implanted 4H-SiC. Sheet resistance of N im-
planted samples were higher in the entire annealing temperature range. Theseresults indicate that it

maybe possible to reduce the thermal budget for device processing simply by considering the Pand

Nco-implantation as well as the pn leakage currents by trimming and/or tailoring the implantation
profiles.

For apossible physical explanation of the experimental results, wecalculated the electronic struc-

ture of Nand Pdonor substitutional models. The calculations are based on the local density func-
tional (LDF) approximation and norm-conserving pseudopotential method[4]. A64-atomcubic super
cell structure wasconsidered to study the dopant interactions under the high doses of implanted spe-
cies. Considering that Nhas atomic covalent radius and electro-negativity values moreclose to the C-
atomcompareto Si-atom. Theprobability of Nto occupy the C-lattice site is very high, compareto
Si-lattice site. Earlier, wereported that the Ndopant on the C-lattice site (Nc) acts as a shallow donor
(AE=180meV).Similarly, the probability of Pto occupy the Si-1attice site (Psi) is very high in SiC,

therefore, acts as a shallow donor (AE=680meV).The co-implantation of Pand Ncan extend the

maximumobtainable activation by occupying both C- and Si-lattice site, respectively. Thecalculated

square wavefunction of the half-occupied highest state of considered models, which is equivalent to
the donor densities is shownin Fig.2. The donor density of Si32C30N2models is widely spread over
the crystal. Thedensity is high at the anti-bonding sites around Si atoms. Thecalculated eigen values
of substitutional models are summarizedin Table-1

.
The absolute values of the eigen values are not

realistic becauseof the small size of the model (Si32C32) considered for the present calculations. The
presence of two Natoms in very close vicinity results in the eigen value shift (AE*hifi) of about
140meV.Similarly, the donor density of Si30C32P2model is also well spread over the crystal and
AE*hift of about 50meVwas observed. The difference of electro-negativity between Si and Pis less

than that of Cand N. In Si31C31PNmodel, as the donor density around Nand Phave different sym-
metries, therefore, the overlap between these wave functions is small compare to Si32C30N2and
Si30C32P2models. Theshallow levels will not be disturbed in case of high doses of implanted species.
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The AE~hift Of about 20meVand 40meVwas observed for Nand P, respectively in the Si31C31PN

model. Thesecalculations confirm that the co-implantation of PandNcan extend the maximumob-

tainable activation for the n-type SiC doping by implantation. In addition, the excess Si interstitials

generated during the Pimplantation process leads to the fonuation of Cvacancies (Vc) that works as

a shallow donor level (AE=IOmeV).The formation of Vc, thus the shallow donor level can explains

the observed low sheet resistance for PdopedSiC, compareto the Ndopedone. Also, the possible

cause for the lower activation for NdopedSiC is either due to the dopant interactions that results in

the large AE~hift or due to presence of excess Catoms in the SiC Iattice. The excess Catoms either

occupies Si-lattice site (Csi) or interstitial position to form complex defects with substitutional N,

which produces a localized electronic state [3,5]. Theexperimental data also supports the hypothesis

that the dopants that occupies the C-lattice site, Ieads to lower activations as compareto the one that

occupies the Si-lattice site.

References
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Table-1 : Eigen values of impurity states*.
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Fig.2 Square wave function of the
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Epitaxial growih 4H-SiC Iayers have been implanted with I . I MeVA122+molecular ions at

a tilt angle of 600 relative to the surface normal to fluences ranging from I.5xl013 to 8.00x I014

Al cm~2at 150 K. Isochronal annealing for 20 minutes wasperformed from 200 up to 870 K.
Damageevolution and recovery on the Si and Csublattices have been studied simultaneously
using in situ Rutherford backscattering spectroscopy and nuclear reaction analysis along the

channeling direction (RBS/C and NRA/C), as well as at an off-channel direction
(RBS/R), with 0.94 MeVD+ and 2.0 MeVHe at a scattering angle of 1500 relative to the
incoming beam.The in situ RBS/CandNRA/Cspectra from samples implanted with various ion
fluences are shownin Fig. I ,

along with randomand virgin spectra. The results indicate the
increase in disorder on both the Si and Csublattices with increasing ion fluences. Oncethe
randomlevel is reached, the width of the damagepeak also increases with further irradiation.
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RBS/CandNRA/Cspectra for 4H-SiC irradiated Fig, 2, Relative disorder as a function of ion

with I , I MeVA122+molecular ions to different ion fluences fluence at the damagepeak for I . I MeVA122+

at 150 Kmeasuredwith 0.94 MeVD+, implanted 4H-SiCat 150 K,

Thedepth profiles of relative disorder on the Si and Csublattices were detennined from the
RBS/Cand NRA/Cspectra using the ratio of aligned spectra to randomspectra and correcting
for the backgrounddechanneling fraction. The relative disorder on the Si andCsublattices at the
damagepeak is shownin Fig. 2as a function of the ion fluence and local dose (dpa). The results
indicate a departure at this irradiation temperature from the sigmoidal dependence that is

normally observed at higher temperatures. Thehigher rate of Cdisordering at low ion fluences is

consistent with the low threshold displacement energies for Catoms.
Isochronal annealing was carried out sequentially at temperatures from 200 up to 870 K.

Therelative residual disorder at the damagepeak for both the Si andCsublattices afier annealing
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is shownin Fig. 3for 0.45 and I .65 x I014 A1 cm~2samples. Three distinct recovery stages are
present in Fig. 3. At low ion fluences (4.5 x

1013 Al cm~2), where the damagestates are far below
the fully amorphousstate, two distinct recovery stages are observed on both the Si and C
sublattices. The first recovery stage (1) occurs between250 and 420 K, and the second recovery
stage (II) occurs between 470 and 570 K. At intermediate ion fluences (1.65x 1014 Al cm~2),

where the relative disorder is just below the fully amorphousstate, the first stage is largely
absent while second stage is still present; however, a third recovery stage (III) is observed
between 600 and 700 K. At high irradiation fluences, where a buried arnorphous layer is

produced (>1.95 x I014 Al cm~2), the onset of a fourth recovery stage (not shown) is observed
above 800 K. A more detailed description of the recovery processes over the range of ion
fluences from I .5xl013 to 2.25) 1014 Al cm~2will be presented, and the recovery stages will be
moreapparent, since the amountof specific recovery in each stage dependson the initial damage
state prior to annealing.
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Fig. 4Profiles of the relative damagedistribution

along at 300K in 4HSiC irradiated with I . lSi andCsublattices at the damagepeak MeVA12'. The inner plot is the width of as-implanted
damagepeak as a function of ion fluence.

Fig. 4showsthe profiles of the relative darnage distribution along at 300K for the
Si sublattice as a function of channel numberand depth in 4H-SiC implanted with high fluences.

The inner plot indicates the width (FWHM)of the damagepeak or the amorphouslayer as a
function of ion fluence. The width keeps constant at lower ion fluences, and increases
sign2lficantly whenclose to the critical amorphization dose (Fig. 2) of 0.1 1dpa or I .90xl014 A1
cm~

.
The thickness of the arnorphous layer increases at a reduced rate with further irradiation

Different thicknesses of the amorphouslayers and damagelevels just below the surface were
produced by irradiation of 2.00, 2.85 and 8.00 x

1014 cm~2as shownin Fig. 4. After isochronal
annealing, different crystal recovery can be observed. For the lower fluence implanted samples,
the crystal recovery occurs from both the front and rear amorphous/crystal interfaces. For the

8.00 x 1014 cm~2irradiated samples, the crystal re-growih starts only from the rear interface. The
nonlinear temperature dependence of the recrystallization is attributed to distinct recovery
processes.
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This work comparesthe measurementsof chemical and electrical profiles in ion implanted

and annealed 6H-SiC samples. Secondary lon Mass Spectrometry (SIMS) and Scanning
Capacitance Microscopy (SCM) were used to measure the first and the latter profiles,

respectively.
17 18 36H-SiC bulk wafers with a carrier concentration in the decades 10 -10 cm~ were

used. Al+ and N+ ions were implanted in n- and p-type wafers, respectively, at various

energies and fluence values so to produce an almost box shapeprofile about I umthick at the

sample surface with a plateaux concentration in the decade 1019 cm~3. The implantation and
annealing temperatures were 300'C and 1700'C, respectively. The armealing wasdone in a
RFfurnace in Ar ambient andwas30 min long.

The structural analysis of the recovered layers showedthe presence of a weakdensity of
secondary defects which perturbed the crystal lattice preferentially along the planar (1 1-20)

and (1 0-1 O) directions than along the axial one, as described in [IJ.

Fig.s I and 2showthe comparison betweenSIMSand SCMprofiles for both the p- and the

n-type implanted species. Theprofile shapes qualitatively agree except for the junction depth
value. Taking into account that both the diagnostic techniques claim a depth resolution equal

to 10-20 nm, such a difference remains a puzzle to solve. This remark can be done: the

relative position of the chemical to the electrical junction depth is the samewith respect to the

n- andp-type sides of any sample.
Hall measurementsare in progress to convert the SCMcapacitance profiles in carrier density

profiles. That is possible because, in spite of the high doping level of the substrates, p/n
junction were formed.

[1] R. Nipoti, A. Carnera and G. Mattei, MRSProceedings Vol. 690 (2001) paper H5.28, in

press
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POLYTYPE-DEPENDENCEOFTRANSITIONMETAL-
RELATEDDEEPLEVELSIN 4H-, 6HAND15R-SiC

J. Grillenber erl, N. Achtziger2, G. Pasoldl, W. Witthuhnl
1lnstitutfur Festk(~rperphysik, Universitdt Jena, MaxWienPlatz 1, 07743Jena, Germany

2Fraunhofer Institutfur Integrierte Schaltungen IIS-A. AmWeichselgarten 3, D-91058
Erlangen, Germany

Besides the knowndeep level data of Ti, Cr, V in the polytypes 4H- and 6H-SiC [1-4], we
present additional results and thus provide an extensive data set about deep levels of
transition metals in silicon carbide (SiC). The data were obtained by meansof Radiotracer

DeepLevel Transient Spectroscopy (DLTS) involving radioactive isotopes of the elements of
interest. Observing characteristic concentration changes of deep levels during the radioactive

decay by meansof repeated DLTS-measurementswecould definitely identify deep levels of
Ti, Cr, V, Ta, andWin the bandgap of the three SiC-polytypes investigated (see Fig. I ).
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Fig.1: Energy schemeof the SiC polytypes 3C, 4H, 6H, and 15R. It is based on the

assumption, that the valence bandsof the SiCpolytypes are energetically aligned f6].The

trap positions in the bandgap of the polytypes are given by their energetical distance to

the valence band. Thevalues for 3C-SiCare theoretical predictions f8J.
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The level energies of each element in 4H-, 6H-, and 15R-SiC are compared and the

conduction band offsets between the polytypes are derived according the Langer-Heinrich
rule [5]. Obviously the valence bands of all polytypes are energetically aligned. This fact is

also confirmed by other experimental [6] as well as theoretical studies [7]. Considering this

information and the rule of Langer and Heinrich we present a comparison between the

experimental data and theoretically predicted values [8] for the trap energies of transition

metals in SiC. If we also include conduction band resonances, the theoretical and
experimental data concerning level energies are in goodagreement.

Sometransition metals (Cr, V, Ta, Ti) exhibit a level splitting of there corresponding deep
state. This splitting is due to the occupation of inequivalent lattice sites in SiC and varies in

magnitude depending on the investigated polytype and/or element. Though, the level splitting

does not affect the application of rule of Langer and Heinrich in SiC. To energetically align

the trap positions it is sufficient to calculate ameanactivation energy in each polytype.

For all polytypes investigated (4H-, 6H-, 15R-SiC), the splitting of the V Ievels is larger than

for other elements and increases from 4H-, over 6H- to 15R-SiC. The sametendency is

observed for Cr wherea splitting is resolved by DLTSin the polytype 15Ronly.

[1] V.A. II'in, V.A. Ballandovich, Defect andDiffusion Forum, 103-105 (1992) 633.

[2] N. Achtziger, J. Grillenberger, W.Witthuhn, Appl. Phys. A65 (1997) 329.

[3] N. Achtziger, W.Witthuhn, Appl. Phys. Lett. 71 (1997) 110.

[4] T. Dalibor, G. Pensl, H. Matsunami, T. Kimoto, W.J. Choyke, A. Sch6ner,

N. Nordell, phys. stat. sol. (a)162 (1997) 199.

[5] J.M.Langer and H.Heinrich, Phys.Rev.Lett. 55 (1997) 1414.

[6] V.V.Afanas'ev, M.Bassler, G.Pensl, M.J.Schulz, andE.Stein von Kamienski,

J.Appl.Phys. 79 (1996) 3108.

[7] P.Kackell, B.Wenzien, and F.Bechstedt, Phys.Rev.B 50 (1994) 10761
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Electronic localization around stacking faults in silicon carbide
Hisaomi lwata'), UlfLindefelt a,b) and SvenC)berg *)

')Department of Physics and MeasurementTechnology. Link6ping University, SE-58183
Link6ping, Sweden
b)ABBCorporate Research. SE-72178Vasteras, Sweden
Phone:+4621 32 3177, Fax:+46 21 32 3212, Email:Ulf.Lindefelt@secrc.abb.se
')Department of Mathematics, Lulea Technical University, SE-97187 Lulea, Sweden

In order to fully develop SiC basedtechnology, there are still material problems that

need to be understood. Onesuch problem is the occurrence of stacking faults (SF). In

general, the SF energy of SiC is believed to be very small (around 3mJ/m2and 15
mJ/m2for 6H- and4H-SiC, respectively) comparedto other semiconductors such as Si

(55 mJ/m2), diamond(280 mJ/m2), or GaAs(45mJ/m2) [1 -3]. Becauseofthe small SF
energy it is relatively easy to develop extended SF regions in SiC crystals, which, if

electrically active, can seriously affect device performance.

Wereport on a first-principles study of all the structurally different SFSthat can be
introduced by glide along the (OOO1)basal plane in 3C-, 4H-, and 6H-SiC (see Fig. 1),

based on the local-density approximation within the density-functional theory. Our
band structure calculations using supercells containing 96 atoms have revealed that

both types of SFin 4H-SiC, andtwo of the three different SFSin 6H-SiC(type I and II),

give rise to quasi-2D energy band states in the band gap at around 0.2 eVbelow the

lowest conduction band (see Fig.2), thus being electrically active in n-type material.

Although SFs, unlike point defects and surfaces, are not associated with broken or
chemically perturbed bonds, we find a strong localization, within roughly I0-15 A,

perpendicular to the SFplane, ofthe wavefunctions ofthe SFgap states in both 4H-
and 6H-SiC (see Fig.3). In 3C- and type 111 SF in 6H-SiC, the states in the immediate
vicinity of the valence bandmaximumshowsomedegree of localization, as do also the

states in the vicinity of the lowest conduction band for type 111 SF in 6H-SiC. These
states are less localized, however, than the gap states for the SFoftype I and 11 in 4H-
and 6H-SiC. Wefind that this quantum-well-1ike feature of certain SFSin SiC can be
understood in terms of the large conduction band offsets between the cubic and
hexagonal polytypes [4].

[1] M. H. Hong,A. V. Samant, and P. Pirouz, Phil. Mag.A, 80, 919 (2000).

[2] K. Maeda,K. Suzuki, S. Fujita, M. Ichihara, and S. Hyodo, Phil. Mag. A, 57, 573
(1988).

[3] P. Kackell, J. Furthmuller, and F. Bechstedt, Phys. Rev. B, 58, 1326 (1998).

[4] H. Iwata, U. Lindefelt, and SvenOberg, submitted to Phys. Rev. Lett.
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JJFig.3. Squared wave function distribution along the c-axis, f(z) =
l\V(x,y,z)12dxdy

,

where the integration for each value of z along the c-axis is performed in the basal

plane within the supercell for the wave function at the M-point for the split-off

conduction band in 4H-SiCwith SFtype I. Thenormalization integral, I(z) =
J'f(z')dz'

,

is also shown(right y-axis), together with the corresponding stacking sequence.
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